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The Shi’bat Dihya 1 site in western Yemen, dated by optically stimulated lu-
minescence to 55 ka, provides insight into the Middle Paleolithic peopling of
the Arabian Peninsula. The archaeological layer is interstratified within thick,
sandy silt floodplain deposits filling a piedmont basin. Luminescence dates, lack
of soil development, and gypsum precipitation indicate a high accretion rate of
the floodplain during Marine Isotope Stage 3, in connection with a (semi)-arid
environment. Rapid overbank sedimentation was likely a result of the remo-
bilization of loess material deposited on the Yemeni Great Escarpment at the
periphery of the adjacent Tihama coastal sand desert or of other sources. Fabric
and size analyses of the lithic artifacts, together with spatial projections, indi-
cate site modifications by floods. Primary modifications include (1) selective
accumulation of medium-sized lithic pieces as a result of hydraulic sorting, (2)
bimodal orientation of artifacts, and (3) ripple-like arrangement of lithics and
bone/tooth fragments. The overrepresentation of teeth may also be a conse-
quence of sorting. Although floods have distorted the original site patterning,
long-distance transport of artifacts by water can be excluded, as indicated by
relatively high refitting rate, close proximity of artifacts derived from the same
block of raw material, and lack of abrasion of the pieces. Therefore, the site is
considered “geologically” in situ because its remobilization by water occurred
shortly after human abandonment. This study also stresses that the effective
preservation of a site cannot be assessed without careful taphonomic study,
even in a potentially favorable depositional context such as silty alluvium. C©
2012 Wiley Periodicals, Inc.
INTRODUCTION
The Middle Paleolithic site of Shi’bat Dihya 1 (SD1)
in western Yemen (Figure 1A) is one of the old-
est human occupations in the Arabian Peninsula pre-
served in stratigraphic context. Discovered as part of
research activities in Wadi Surdud by the Paleo-Y
international project (Macchiarelli and Peigné, 2006;
Macchiarelli, 2009) and dated by optically stimulated
luminescence (OSL) at approximately 55 ka (Delagnes
et al., 2012), the site has yielded a rich Middle Pa-
leolithic lithic industry accompanied by a small num-
ber of faunal remains. Thus, SD1, which is part of
a larger complex of prehistoric sites, is an important
reference point for understanding human population
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Figure 1 Study area. (A) Satellite picture of the Arabian Peninsula (ESRI World Imagery Basemap Data). The rectangle indicates the location of Figure 1B.
(B) A schematic geological map of the area (modified from Munro and Wilkinson, 2007) and site location.
dynamics across the Arabian Peninsula during the Upper
Pleistocene.
SD1 is located in the first low hills of the Great es-
carpment of Yemen, approximately 15 km east of the
city of Bajil (N15◦11.371′, E43◦25.670′; Figure 1B). This
area of foothills, at the junction between the highlands
and the coastal plain, has a high potential for the preser-
vation of Upper Pleistocene archaeological and paleoen-
vironmental records. The archaeological layer of SD1 is
preserved in a sedimentary sequence composed primar-
ily of sandy silt, which fills a small Quaternary tectonic
basin cut by the Wadi Surdud and its tributaries. This sed-
iment is connected downstream to large Pleistocene allu-
vial cones distributed throughout the piedmont and the
coastal plain (Munro and Wilkinson, 2007). The general
stratigraphy of the fill has been compiled from various
sections that are visible along the Wadi Surdud and the
Shi’Bat Dihya and Al Sharj gullies. Correlations among
these sections have been established based on elevation
data and the main calcrete units (MCU), which can be
readily traced across the landscape.
This article has two aims: (1) to characterize in detail
the paleoenvironmental context of the Paleolithic occu-
pation of SD1, as limited data are currently available to
document Marine Isotope Stage (MIS) 3 in the Arabian
Peninsula, and (2) to assess the preservation of the site
to highlight any possible distortions in the archaeological
record. Although the archaeological level SD1 is interbed-
ded in a fine-grained alluvial sequence, thereby favoring
the preservation of artifacts and their organization, flood-
ing may have influenced the integrity of the site. The
taphonomic study was primarily based on a geoarchae-
ological approach. The hypothesis of a redistribution of
the artifacts by river flows was assessed using three meth-
ods: fabric analysis, which is designed to test the existence
of preferred orientations of artifacts (Bertran and Texier,
1995; Lenoble and Bertran, 2004); particle size analysis,
used to evaluate the hydraulic sorting of artifacts (Schick,
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1986; Bertran et al., 2006); and spatial analysis of the dis-
tribution of lithic and faunal remains. The results were
then compared with data from the archaeological study
to develop the most likely scenario for the taphonomic
history of the site.
METHODS
Sediments
For the sedimentological and pedological characterization
of the alluvial stratigraphic sequence, field observations
were supplemented by sedimentological and geochemi-
cal analyses. Seventeen samples were taken for grain size
analysis at PACEA laboratory, University of Bordeaux.
After treatment with hydrogen peroxide (H2O2) to re-
move organic matter and with formic acid (HCOOH, di-
luted) to remove secondary calcium carbonate, the sam-
ples were analyzed by sieving the fraction greater than
63 μm and using laser granulometry (Mastersizer S
Malvern, Marlvern, Worcestershire, UK) for the fraction
below 63 μm. Forty-one samples were prepared for cal-
cium carbonate (CaCO3), total organic carbon (TOC), and
nitrogen (N) measurements according to the procedure
proposed by Gauthier and Hatté (2008). The samples
were combusted in a Fisons Instrument NA 1500 Element
Analyzer and the carbon content determined with Ea-
ger software. A standard was inserted every 10 samples.
Inorganic carbon content in bulk sediment was calcu-
lated assuming that mineral carbon exists only as CaCO3.
Carbon isotopic signature was measured with a contin-
uous flow EA-IRMS by coupling a Fisons Instrument
NA 1500 Element Analyzer to a ThermoFinigan Delta +
XP Isotope-Ratio Mass Spectrometer. Two home internal
standards (oxalic acid, δ13C = −19.31‰ and GCL, δ13C =
−26.70‰) were inserted every eight samples. Results
are reported in the δ notation: δ13C = (Rsample/Rstandard
− 1) × 1000, where Rsample and Rstandard are the 13C/12C
ratios of the sample and the international standard Vi-
enna Pee Dee Belemnite Standard (VPDB), respectively.
Measurements were at least trebled to ensure represen-
tativeness. Extreme values were twice checked. Twelve
thin sections were cut from blocks impregnated under
vacuum with a polyester resin according to the proto-
col described by Guilloré (1980). Raman spectroscopy
was used to determine certain mineral phases observed
in the thin sections. The spectra acquisition was per-
formed at CRPAA, University of Bordeaux, using a Ren-
ishaw RM2000 – Leica DMLM and determined using the
RRUFF database (Downs, 2006). The X-ray diffraction
(XRD) patterns were recorded at HYDRASA, University
of Poitiers, using a PANanalytical Xpert Pro diffractome-
ter with Ni-filtered Cu-Kα radiation generated at 40 kV
and 40 mA and step size of 0.017◦2θ . XRD diffractograms
were recorded in the 2–65 and 2–34 ◦ 2θ Cu Kα an-
gular ranges for random powders and oriented mounts,
respectively. The determination of the clay species was
performed using the decomposition procedure recom-
mended by Lanson (1997) and the calculated XRD pat-
terns using NEWMOD software (Reynolds, 1985). Phy-
tolith extractions from bulk samples were made using
standard methods but failed to provide any result, ei-
ther because of preservation issues of biogenic silica in
sandy sediments or low phytolith production in the local
environment.
Taphonomy
Lithic pieces with a long (a) axis (i.e., the maximum di-
mension in any plane) greater than 2 cm and all faunal
remains were located in three dimensions with an in-
frared theodolite, and then numbered. Lithic pieces less
than 2 cm in length were collected within each 25 cm
quadrant area and then sieved under water on a 2 mm
mesh.
The orientation and the dip of 228 objects were mea-
sured using a compass and an inclinometer. The calcu-
lation of eigenvalues and the projections on a Schmidt
diagram were performed with the program Stereo32, ver-
sion 6.3.3 (Allmendinger, 2005). The isotropy index (SI =
E3/E1) and the elongation index (EL = 1 – (E2/E1))
were calculated according to Benn (1994). The intensity
of the preferred orientation (Vector Magnitude L) and the
p-value of the Rayleigh test, which tests whether the pre-
ferred orientation is significant, were calculated using the
method proposed by Curray (1956).
The particle width (i.e., the particle intermediate b-
axis) of all the lithic artifacts collected was also quanti-
fied. For each square, the pieces smaller than 2 cm col-
lected during the excavation and the refuse from the 2
mm water sieving were passed through the following se-
ries of screens: 2, 4, 5, 10, 20, 31.5, and 50 mm. Lithics
longer than 2 cm were divided into size classes by pass-
ing them individually through the diagonal of the mesh
of a sieve to avoid damaging of the edges and to ensure
the correspondence of the widths measured by the caliper
and by sieving. The width of the pieces passing through
a mesh sieve d = a mm is approximately w = a
√
2 mm
(Bertran et al., 2006). The mesh sieves used in the present
study correspond to true widths of artifacts, respectively,
equal to 2.8, 5.7, 7.1, 14.1, 28.3, 44.5, and 70.7 mm. The
total number of lithics measured was 26,729 (Table I).
These data were compared to the results of three exper-
imental series made by one of us (M.B.) from blocks of
rhyolite collected near the site in the Shi’Bat Dihya gully.
The blocks have the same petrographic characteristics as
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Table I Particle size of the archaeological (SD1) and the experimental assemblages. The sizes of each class are given in the number of elements.
Size classes (mm)
2–4 4–5 5–10 10–31.5 20–31.5 31.5–50 >50 N
SD1 archaeological assemblage
Full assemblage 5513 4195 9181 5232 1992 613 3 26,729
B19 0 0 1 3 1 0 0 5
C15 14 12 47 39 21 8 0 141
D14 72 60 127 85 35 10 0 389
D15 44 75 133 125 67 26 0 470
D16 468 450 892 1923 1017 312 2 5064
D17 540 323 662 278 53 23 0 1879
D18 380 243 629 197 42 9 0 1500
D19 202 185 494 258 100 18 0 1257
D20 75 69 169 84 36 6 0 439
E13 0 0 3 4 5 1 0 13
E14 108 149 273 135 53 30 0 748
E15 351 228 464 183 78 33 0 1337
E16 529 409 929 265 56 12 0 2200
E17 272 283 678 390 99 25 1 1748
E18 284 193 371 199 80 32 0 1159
E19 364 294 532 243 66 9 0 1508
E20 97 96 210 111 33 14 0 561
F15 175 112 280 154 65 16 0 802
F16 251 179 370 148 74 26 0 1048
F17 281 206 493 113 7 3 0 1103
F18 343 190 405 80 3 0 0 1021
F19 533 337 735 141 1 0 0 1747
F20 130 102 284 74 0 0 0 590
Experimental debitage
Total 1444 211 267 120 45 38 2 2127
Block 1 490 72 75 32 19 19 1 708
Block 2 460 76 101 50 11 9 0 707
Block 3 494 63 91 38 15 10 1 712
those found within the archaeological layer. The core re-
duction strategies adopted for the experiment reproduced
those observed at SD1 (Delagnes et al., 2012). These core
reduction strategies used a Levallois unidirectional flak-
ing method in order to obtain elongated, triangular flakes
and a laminar volumetric unidirectional method for pro-
ducing pointed blades. The hammerstones were two rhy-
olite pebbles that were also collected in the vicinity of the
site. The percussion was direct and tangential, and the
preparation of the striking platform was performed using
the same hammerstone. After each experimental produc-
tion episode all debitage was collected and measured by
sieving in the same manner as the archaeological series
(Table I).
Projections of the artifacts on the horizontal (XY) and
vertical (YZ) planes were performed to document the spa-
tial configuration of the site. Seven distinct groups of
pieces showing the same physical characteristics and as-
sumed to derive from the same initial block of rhyolite
were identified, and the rate of refitting corresponding to
each block was calculated.
RESULTS
Sedimentary Context
Two main alluvial units separated by a major ero-
sional unconformity have been recognized in the
Wadi Surdud Formation filling the Shi’Bat Dihya basin
(Figures 2, 3). The lower unit, called the Al Sharj Mem-
ber after the local name of a gully along which it outcrops,
is preserved in the form of alluvial remnants against the
slopes (Figure 4). Following our preliminary fieldwork,
this unit has yielded only a few scattered lithic artifacts,
and has been dated to approximately 85 ka (MIS 5) by
OSL on quartz grains (Table II). The upper unit, or Shi’Bat
Dihya Member, truncates the previous formation and
overlaps it. This unit constitutes a 30-m-thick sequence
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Figure 2 General overview of the basin of Shi’Bat Dihya and interpretation.
preserved over 0.1 km2 on the left bank of Wadi Surdud.
All dates obtained in this member range between 63 and
42 ka, demonstrating that it coincides with the first part
of MIS 3.
The archaeological deposit forms a thin layer of arti-
facts in the lower part of the Shi’Bat Dihya Member. The
stratigraphy recorded at the site, on the north bank of
Shi’Bat Dihya gully, shows two lithostratigraphic units
(Figure 5). The first unit (1.5 m thick) forms a large
lens composed of pluridecimetric to decimetric horizon-
tal beds of medium- to fine-grained sands (Figure 6).
The second unit (4.5 m thick) is formed by the alter-
nation of horizontal decimetric to pluridecimetric lay-
ers of carbonate-rich fine sands to coarse silts (0.1% <
CaCO3 < 8.4%; Figure 7) and weakly organic (clayey)
silts (0.02% < TOC < 0.11%). The C:N ratio remains
under 5.6 all along the sequence, while the δ13C val-
ues range between −20.51 and −23.46‰, with a mean
of ca. −21‰. A few small lenses of sand and small, an-
gular gravel from the slope are locally interstratified in
the sequence. A 30-cm-thick discontinuous calcrete hori-
zon occurs at the top of the lower unit. Carbonated nod-
ules are equally dispersed through the entire sequence.
The clay minerals, highly homogenous, are largely domi-
nated by disordered mixed-layer illite/smectite (I/S) that
are smectite-rich (S = 70–80%). The clays also include, in
small quantities, ordered mixed-layer I/S with 90–95%
illite in addition to mica, chlorite, and kaolinite. From
powder data, the minerals identified by XRD include
quartz, feldspar, gypsum, and halite. The lower unit is in-
terpreted as deposits from secondary channels or crevasse
splays, whereas the upper unit, which contains the ar-
chaeological layer SD1, corresponds to flood deposits over
an alluvial plain (Reineck and Singh, 1975; Miall, 1996).
The upper part of the sequence, visible along the south
bank of Shi’Bat Dihya gully and along Al Sharj gully
(Figure 5), is also composed of sandy deposits from
crevasse splays or secondary channels interstratified with
floodplain silts. In the latter, the stratification becomes in-
distinct and reflects hyperconcentrated flows, which are
associated with a high silt load in suspension (Pierson and
Costa, 1987; Li et al., 1997; Xu, 1998). Several levels of
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Figure 3 Schematic stratigraphy of the basin fill of Shi’Bat Dihya (Wadi Surdud Formation) and location of the archaeological finds.
Figure 4 View of the Al Sharj Member and interpretation.
continuous calcrete are also present (Figure 8). The top
of the sequence is capped by a desert pavement of iron-
crusted cobble gravels.
The field observations show that no mature soil char-
acterized by well-differentiated horizons is present in the
studied sequence, although pedological changes are visi-
ble at the microscopic level. Bioturbation is moderate and
has not completely destroyed the original depositional
features (Figure 9A). Vertical transfers of clayey silts and
organic matter are locally visible (Figure 9B). The poor
sorting of the illuviated particles suggests that illuviation
occurred rapidly, either during floods or in conjunction
with rainfall on bare ground (Courty and Fédoroff, 1985).
The presence of fragments of depositional surface crusts
(Valentin and Bresson, 1992) in the matrix of the sedi-
ment confirms that, at least seasonally, the ground was
bare of vegetation.
In the biological pores (biogalleries), gypsum occurs oc-
casionally through the whole sequence in the form of
lenticular crystals (Porta and Herrero, 1990; Figure 9C).
The nature of this mineral was confirmed using Raman
analysis. The absence of gypsum-bearing formations in
476 Geoarchaeology: An International Journal 27 (2012) 471–491 Copyright C© 2012 Wiley Periodicals, Inc.
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Table II Dose rates, equivalent doses (De), and ages. The samples are ordered by stratigraphic order.
Equivalent
Dose rates doses Ages
(Gy/ka) (Gy/ka) (ka)
Sample Member Profile Beta ± Alpha ± Gamma ± Cosmic ± Total ± ± ±
AS1–08/OSL2 Shi Bat Dihya 3 1.343 0.148 0.078 0.024 0.739 0.055 0.130 0.017 2.29 0.16 96.4 3.9 42 4
AS1–08/OSL3 Shi Bat Dihya 3 1.422 0.154 0.088 0.026 0.790 0.059 0.065 0.009 2.36 0.17 120.2 3.6 51 4
SD2–08/OSL8 Shi Bat Dihya 2 1.497 0.165 0.088 0.027 0.801 0.060 0.123 0.016 2.51 0.18 131.1 6.6 52 5
SD2–08/OSL7 Shi Bat Dihya 2 1.371 0.154 0.075 0.023 0.724 0.080 0.098 0.013 2.27 0.18 127.1 2.5 56 5
SD2–08/OSL6 Shi Bat Dihya 2 1.433 0.162 0.077 0.024 0.727 0.081 0.088 0.011 2.32 0.18 115.4 4.6 50 4
SD1–08/OSL19 Shi Bat Dihya 1 1.421 0.160 0.080 0.025 0.849 0.094 0.103 0.013 2.45 0.19 135.4 6.8 55 5
SD1–08/OSL10 Shi Bat Dihya 1 1.488 0.159 0.099 0.031 0.684 0.076 0.098 0.013 2.37 0.18 127.5 6.4 54 5
SD1–08/OSL11 Shi Bat Dihya 1 1.343 0.145 0.087 0.027 0.774 0.086 0.092 0.012 2.30 0.17 128.3 6.4 56 5
SD1–08/OSL18 Shi Bat Dihya 1 1.246 0.132 0.076 0.023 0.724 0.081 0.086 0.011 2.13 0.16 106.6 3.2 50 4
SD1–08/OSL17 Shi Bat Dihya 1 1.182 0.127 0.072 0.022 0.754 0.084 0.083 0.011 2.09 0.15 132.2 9.3 63 7
SD1–08/OSL12 Shi Bat Dihya 1 1.290 0.134 0.828 0.092 0.079 0.010 2.20 0.16 120.9 6.5 55 5
SD1–08/OSL16 Shi Bat Dihya 1 1.103 0.119 0.760 0.085 0.079 0.010 1.94 0.15 94.2 7.5 49 5
SD1–08/OSL16 bis Shi Bat Dihya 1 1.171 0.126 0.760 0.085 0.079 0.010 2.01 0.15 109.8 4.4 55 5
SD1–08/OSL15 Shi Bat Dihya 1 1.144 0.120 0.703 0.078 0.079 0.010 1.93 0.14 120.8 3.6 63 5
SD1–08/OSL14 Shi Bat Dihya 1 1.125 0.121 0.746 0.083 0.077 0.010 1.95 0.15 111.3 17.8 57 10
AS2–08/OSL20b Al Sharj 1.141 0.122 0.775 0.086 0.105 0.014 2.02 0.15 168.9 15.2 84 10
See Figure 5 for profile numbers. The beta and alpha dose rates are deduced from U, Th, and K contents estimated with high-resolution gamma
spectrometry. The alpha dose rate is assumed negligible for sandy samples, whichwere HF treated before De determination. The gammadose is deduced
either from Al2O3 dosimetry when available or from the U, Th, K contents. Alpha, beta, and gamma dose rates take into account the attenuation by
water (estimated 10 ± 3% for silty samples, 8 ± 3% for sandy samples). All uncertainties for the dose rates include statistic and systematic sources. The
equivalent doses are calculated using the Finite Mixture Model (e.g., Galbraith and Green, 1990) and are presented with their statistical uncertainty only.
In order to take into account the uncertainty on the source calibration, a 2% systematic uncertainty was quadratically added to the final age uncertainty.
the drainage basin upstream excludes the hypothesis that
gypsum originated from the reworking of older evap-
oritic rocks. Therefore, the presence of this mineral is
probably linked to calcium ions and sulfates brought by
wind from the coastal sebkhas. The smectite-rich I/S that
dominates the clay minerals and the halite detected by
XRD likely have a similar source. Gypsum accumulated
in the biological pores, but this phenomenon occurs reg-
ularly throughout the sequence without the formation
of clearly delineated gypsum horizons. This configuration
is consistent with the low occurrence of pedogenic phe-
nomena and suggests that the gypsum is related to either
the very early stages of soil formation or the evaporation
of a subsurface groundwater rich in calcium and sulfates
under (semi)-arid climatic conditions.
Calcitic hypocoatings and micritic impregnations are
the dominant crystalline features. The impregnations, 0.1
mm to several centimetres in diameter, have a nodular
appearance and grow either in the host matrix or around
root voids. The crystalline mass is enriched with Fe hy-
droxides, and there are well-developed sparite crystals
inside the nodules or along the walls of the voids. The
continuous calcrete horizons (MCU) are characterized by
an abundance of these crystal features, which are similar
in their configuration to the microstructure “alpha” de-
scribed by Wright (2007) in his classification of calcretes.
The lack of a pedogenic profile associated with carbonated
horizons and the observed micromorphological features
suggest that the origin of these features is not related to
soil leaching. Instead, the characteristics of the nodules
are comparable to the groundwater calcretes described by
Mack et al. (2000) and Wright (2007). The formation of
nodules thus appears to be caused by carbonate precipi-
tation in the capillary zone and just above the groundwa-
ter table in response to conditions of high evaporation.
Subsequently, the MCU are interpreted as reflecting rel-
atively long phases of carbonate precipitation in relation
to a stable groundwater table close to the ground surface.
Archaeological Context
The total extent of the archaeological layer was estimated
at several hundred square meters. The excavated area
covered 21 m2 (Figure 10) and yielded a large lithic as-
semblage that is assumed to be representative (Delagnes
et al., 2012). In all, 5488 lithic pieces longer than 2 cm
were found. The lithics recovered from SD1 form a homo-
geneous assemblage, both technologically and in terms of
edge preservation, which is uniform and generally good.
Apart from occasional impact damage, the edges are fresh
and present no macroscopic traces of natural abrasion.
Raw materials are made of five main groups: rhyolite
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Figure 5 Stratigraphy of the Shi’Bat Dihya Member and position of the archaeological layers, OSL dates, and thin sections.
(93.8%), basalt (2.4%), phonolite (1.8%), quartz (1.7%),
and sandstone (0.3%). All of these materials are eas-
ily and abundantly accessible in the nearby streambed
as well as in the gravel lenses interstratified within the
Al Sharj Member. The debitage of rhyolite is charac-
terized by two main core reduction strategies, one pro-
ducing blades and the other producing pointed flakes,
accompanied by a more marginal Levallois production
(Table III, Figure 11). Core reduction strategies result in
a variety of end products: blades, pointed blades, pointed
flakes, and Levallois flakes, with long unmodified cutting
edges that were left un-retouched. Retouched pieces are
extremely rare (n = 25 or 0.5% of the lithics > 2 cm)
and, apart from one example, are made exclusively in
rhyolite. The association of rhyolite with other signifi-
cantly less well-represented materials highlights the de-
liberate exploitation of different local resources to ful-
fill distinct needs: sandstone and occasionally basalt for
hammer stones, simple debitage in phonolite, basalt and
quartz, and heavy duty tools in basalt. This pattern sug-
gests that diverse activities took place at SD1 within the
context of a habitation site.
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Figure 6 View of the Shi’Bat Dihya Member from the north bank of the
small wadi of the same name. The archaeological layer is indicated by an
arrow.
Figure 7 Sediment grain size range of the Shi’Bat Dihya Member on the
U.S. Department of Agriculture triangle of textures.
The SD1 lithic assemblage is typically Middle Pale-
olithic in character. But it differs significantly, both
qualitatively and quantitatively, from the late Levan-
tine Mousterian and from the late Middle Stone Age as-
semblages documented south and north of the Arabian
Peninsula ca. 60–50 ka. It is assumed that this assem-
blage reflects an Arabian Middle Paleolithic tradition that
emerged and developed locally in this part of the Ara-
bian Peninsula, which maintained locally favorable con-
ditions for long-term human settlements, even during the
arid periods of the Upper Pleistocene (Delagnes et al.,
2012).
Figure 8 Scattered calcium carbonate nodules (protruding out of the
section) in a silty alluvium, merging into a continuous calcrete at the top
of the photo (Shi’Bat Dihya Member).
Fabric Types
Within all the squares analyzed, the distribution of the
orientations of the major axes of the artifacts is poly-
modal. However, two modes dominate, which corre-
spond to the directions N 60–70◦ and N 140–180◦. The
corresponding rose diagrams are shown on the map of
distribution of the lithics (Figure 12).
The Vector Magnitude L for these squares varies within
12–16% (Table IV). To test the hypothesis of bimodal-
ity in the distribution of the orientations, the angles
were doubled and the Vector Magnitude recalculated. Af-
ter doubling the angles, L increases to 25–26% for the
squares D18 and E16 and to 13% for all measures. In con-
trast, L decreases for squares D16 and F17–18. For the en-
tire series of measurements, the p-values of the Rayleigh
test never yields values below the threshold of 0.05, indi-
cating the absence of a significant preferred orientation.
Conversely, the p-value falls below 0.05 for the overall
sample when the angles are doubled (Table IV). The hy-
pothesis of a bimodal distribution of orientations can thus
be accepted.
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Figure 9 Microscopic thin-sections from Al Sharj Member. (A) Microfa-
cies of floodplain deposits. Bedding (alternating light colored sands and
darker silt-dominated layers) is disturbed by bioturbation. Thin section 2
(see location on Figure 4), PPL. (B) Poorly sorted clayey silt coating in a
biogallery and micritic nodule. Thin section 1 (see location on Figure 4),
PPL. (C) Gypsum crystals in the voids and ferruginous carbonate nodule.
Thin section 1 (see location on Figure 4), XPL.
Particle Size Distribution of the Lithics
The particle size distribution of the lithics collected in
each square is shown in Figure 13 and 14, and Table I.
The results from the entire excavated surface are highly
homogeneous. All squares are characterized by a bell-
shaped curve approaching a Gaussian distribution, with
a mode set in the class of d = 5–10 mm (w = 7–14 mm),
with the exception of D16, whose mode is in the class of
d = 10–20 mm. This distribution differs from that of the
experimental products, which follows a decreasing expo-
nential law. A comparison of the experimental and ar-
chaeological data highlights a marked deficit in artifacts
smaller than 10 mm (Figure 13). This deficit is particu-
larly important for the 2–4 mm class. Finally, we note
that the ratio between the 20–31.5 mm class and that of
the coarse pieces (> 31.5 mm) is approximately 1.6 times
greater than the average value of the experiments. This
difference also corresponds to a deficiency of coarse arti-
facts (Figure 14B).
The projection of values obtained at SD1 in a ternary
diagram (Lenoble 2005; Bertran et al., 2006) shows
that the archaeological series moves significantly away
from the experimental values toward the coarse pole
(Figure 14A).
Projections and Refitting
The distribution map of the lithics by raw material
type reveals distinct concentrations (Figure 15A). Seven
groups of conjoined pieces, each from a single block, can
be distinguished, for which the refitting rate varies be-
tween 12.5 and 24%. However, this rate drops to 3%
when considering all lithics greater than 2 cm. This over-
all rate, however, should be considered as a minimum
because the refitting was not performed systematically.
The distribution map of all the lithic remains shows
that the concentration of the artifacts varies in space, with
areas poor in artifacts alternating with areas that are very
rich (Figure 12). These form bands with an orientation
of N 70◦. On vertical projection AB (Figure 15B), the
lithics form a ripple, the steepest face of which dips to-
ward the south-southeast. The height of this ripple is ap-
proximately 10 cm, and it exhibits well-defined internal
cross bedding. Group 1 of conjoined artifacts is character-
ized by a vertical and horizontal concentration of pieces
over the gently sloping ripple face. In the more south-
westerly squares, some pieces of this same group are scat-
tered over the entire thickness of the archaeological layer.
On projection CD (Figure 15B), oriented at 90◦ to the
previous projection, the artifacts are arranged in horizon-
tal beds. Group 2 is found in the lower portion of the
archaeological level in an easily identifiable bed and is
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Figure 10 View of the archaeological level during excavation.
Table III Proportions of the main technological categories within the SD1
lithic assemblage.
All materials—n = 5488 %
Cores 0.7
Blades 15.5
Pointed flakes 13.0
Levallois flakes 5.6
Cortical flakes 18.3
Undifferentiated flakes 35.1
Debris/fragments 11.4
Pebbles/worked pebbles 0.4
covered by another bed of artifacts. Group 4 is uppermost
in the stratigraphy in a subhorizontal position and not
covered by other artifacts.
Faunal Remains
The site excavation yielded 97 faunal remains, the vast
majority of which (n = 64) were too fragmentary for pre-
cise taxonomic determination. All of the identified faunal
remains correspond to dental fragments of mammalian
herbivores and omnivores: Equidae (n = 9); Bovidae
(Caprinae, n = 12); Hystricidae (Hystrix sp. cf. H. indica, n =
3); and Suidae (Sus scrofa, n = 9). The Equidae remains are
attributed to Equus sp. cf. Equus hemionus, a species cur-
rently confined to Asian steppe and desert environments
(Reading et al., 2001) but previously unreported in the
Arabian Peninsula. The preservation status of the bone
fragments is generally very poor. The absence of identi-
fiable cutmarks on the fragments, caused by their poor
surface preservation, prevents confirmation that their ac-
cumulation was solely anthropogenic. All of the collected
faunal remains are small (< 5 cm in length), and more
than half correspond to tooth fragments (55.2% of the
bone material). The rest are compact bone fragments. The
distribution of the faunal remains does not form any par-
ticular concentration and is distributed along the ripples
in a manner comparable to that of the lithics.
DISCUSSION
Paleoenvironments
The archaeological site of SD1 results from a human oc-
cupation on an alluvial plain that was subject to periodic
flooding. The combination of low C:N ratio and –21‰
mean δ13C for the organic matter shows that it mostly
derived from algae (Meyers, 1994), and suggests the per-
sistence of at least seasonal water pools in the wadi. The
lack of soil horizons implies a significant accretion rate
of the floodplain and/or environmental conditions that
were unfavorable to the development of vegetation. The
chronological framework obtained by OSL shows that the
accretion rate of the plain by flood deposits was high,
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Figure 11 Main types of tools and lithic products of the SD1 assemblage: 1, 3—denticulated tools, 2—atypical endscraper, 4–7—pointed flakes, 8 to 11
– blades (Drawings by Jacques Jaubert).
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Figure 12 Spatial distribution of the SD1 remains and rose diagrams of the orientation of the elongated artifacts.
with all 30 m of the Shi’Bat Dihya Member revealing OSL
ages ranging from 63 to 42 ka. Massive inputs of loess on
the Great Escarpment and the piedmont downwind from
the dune fields of the coastal plain and its redistribution
by rivers may account for this rapid accretion rate. Such a
configuration (a sprawling sandy plain with loess on the
surrounding topography) is a common feature of eolian
environments (Pye, 1995; Masson et al., 1999). Other
more distant sources of loess such as the Rub’ al Khali
desert in the Arabian Peninsula (Crouvi et al., 2010) or
East Africa (Middleton and Goudie, 2001) are also pos-
sibly involved. Data from Leuschner and Sirocko (2003)
on cores taken in the Arabian Sea and those of Preusser
(2009) on the Wahiba Sands of the Arabian Peninsula
show a major peak input of dust and the establishment
of sand dunes during the period preceding the deposit of
the Shi’Bat Dihya Member, that is, approximately dur-
ing MIS 4 (Figure 16). These aeolian deposits primar-
ily fed the alluvial sedimentation in a pattern similar to
that described in Namibia (Eitel et al., 2001). It is also
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Table IV Statistical parameters.
N L1 (%) L2 (%) p (L1) p (L2) E1 E2 E3 IS EL
D18 41 13.449 25.628 0.476 0.068 0.584 0.407 0.009 0.015 0.303
D16 46 15.861 9.639 0.298 0.652 0.529 0.459 0.012 0.022 0.133
E16 37 12.595 25.279 0.247 0.053 0.556 0.431 0.013 0.024 0.224
F 17-F18 40 16.297 11.839 0.190 0.525 0.538 0.449 0.013 0.024 0.166
Total 228 3.755 12.886 0.725 0.023 0.510 0.478 0.013 0.026 0.063
N, number of measurements; L, Vector Magnitude (Curray, 1956); E1, E2, E3, normalized eigenvalues; IS, isotropy index (IS= E3/E1); EL, elongation index
(EL = 1 – (E2/E1)) according to Benn (1994).
probable that the dominant role played by hyperconcen-
trated flood flows in the upper part of the stratigraphy is
a consequence of increased input of dust by wind during
the alluvial sedimentation.
The presence of secondary gypsum crystals in the pores
and of groundwater calcrete, however, indicates condi-
tions of water balance deficit and high evaporation that
occurred at least seasonally. These relatively arid condi-
tions, consistent with the information provided by the
fauna, do not correspond to the driest periods of the
last climatic cycle reported for the Arabian Peninsula.
The chronological data show that these alluvial forma-
tions were established during MIS 5 (Al Sharj Member)
and at the beginning of MIS 3 (Shi’Bat Dihya Mem-
ber), which correspond to phases of reinforcement of the
influence of the summer monsoon (Clemens and Prell,
2003; Leuschner and Sirocko, 2003; Figure 16). MIS 4
and 2 have left no identifiable sedimentary record within
the area investigated so far and were likely marked by
a cessation of the alluvial sedimentation as a result of
hyperaridity, which was mainly associated with aeolian
dynamics and the formation of desert pavements. In con-
trast, the phases of basin incision separating the different
sedimentary members correspond to periods of very high
water flux in the wadis (cf. Lane, 1955; Eitel et al., 2001)
in conjunction with the major peaks of humidity identi-
fied on the peninsula during the MIS 5e, 5c, 5a, and the
beginning of the Holocene (Fleitmann and Matter, 2009;
Fleitmann et al., 2011; Rosenberg et al., 2011).
Formation of the Archaeological Level
Several convergent taphonomic arguments lead to the
conclusion that the site of SD1 has a complex history and
has undergone significant transformations by fluvial ac-
tivity. First, the particle size analysis of lithics suggests a
truncated assemblage with a composition that is signif-
icantly different from the initial composition. Compared
with what would be expected from a site where knapping
activities took place (Schick, 1986; Bertran et al., 2006),
this distortion is characterized by the underrepresenta-
tion of artifacts of both the small (d < 10 mm) and the
large (d > 31.5 mm) classes. All stages of tool production
are represented at SD1, testifying to in situ rhyolite knap-
ping. The best hypothesis to explain the relative paucity
of small pieces, which were waste products and therefore
unlikely to have been of interest to the Paleolithic tool-
makers (either to import or export), is the effect of hy-
draulic sorting of the lithic assemblage during the flood-
ing of the wadi. Compared with the experimental data
of Schick (1986) in ephemeral rivers of Africa, the bell
shape of the particle size distribution indicates that arti-
fact transport is accompanied by the selection of a partic-
ular dimensional class as a function of the power of the
flow and the distance of transport. This transport likely
affected the representation of the different categories of
artifacts in the assemblage. Delagnes et al. (2012) find
a deficiency in cores and in large cortical flakes derived
from the initial phases of exploitation of the raw mate-
rial. This deficit could be understood, at least in part, as
a result of hydraulic sorting, with large and low-mobility
pieces dropped upstream by the flows.
The spatial analysis of the SD1 archaeological level
highlights a nonhomogenous distribution of the lithic ar-
tifacts, which results in concentrations in the form of par-
allel bands with internal, oblique bedding in cross-section
and horizontal bedding in frontal section. This organiza-
tion is interpreted as current ripples with slightly sinuous
crests (Reineck and Singh, 1975). These ripples typically
form under the influence of slow to moderate currents
(0.1–1 m/s) and are common on the bottom of secondary
channels, at the top of sand bars, or in the floodplains
of rivers. No comparable feature was identified elsewhere
in the floodplain deposits of the Shi’Bat Dihya Member.
It is thus possible that the spots of artifacts, abandoned
on a sandy silt surface, have themselves created the hy-
drodynamic conditions necessary for the development of
current ripples, causing a local reduction in the thickness
of the water layer and a subsequent increase in the speed
of the flows.
Fabric measurements performed in different squares
of the archaeological level have revealed two main pre-
ferred orientations: the N 60–70◦ direction, which is
parallel to the crest of the artifact ripples, and the
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Figure 13 Comparative particle size of the experimental debitage and the archaeological layer.
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Figure 14 Particle size of the lithic material, triangular diagrams. (A) Fraction greater than d = 2 mm; the changing composition in relation to hydraulic
sorting is indicated according to Lenoble (2005). (B) Fraction greater than d = 10 mm.
N 140–180◦ direction, approximately perpendicular to
this crest. The bimodal orientation of the pebbles is char-
acteristic of alluvial beds (Sedimentary Petrology Semi-
nar, 1965; Rust, 1972). The most stable positions for peb-
bles subjected to shear stress exerted by flow on the river
bottom are in effect either a parallel arrangement to the
current or a transverse arrangement, which is usually ac-
companied by a marked imbrication. Rapid changes in
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Figure 15 (A) Spatial distribution of products from seven refitted rhyolite blocks, and location of vertical projections. (B) Vertical projections of the
archaeological material. The vertical scale has been doubled. The location of the projections is shown in Figure 15(A).
direction are also frequently reported on the same peb-
ble bar and reflect fluctuations in the direction of wa-
ter streams according to the local topography. This type
of fabric was also found, albeit not systematically, in
Schick’s experiments (1986). Two factors may be invoked
to explain the variability observed at SD1. First, the water
flow was shallow, and the topography corresponding to
the accumulation of artifacts displaced the local flow
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Figure 16 Chronology of the Shi’Bat Dihya and Al Sharj Members com-
pared with the emplacement of the Wahiba Sands of Oman (according to
Preusser, 2009) and with summer monsoon fluctuations over the penin-
sula (core 70 KL, according to Leuschner and Sirocko, 2003). The content
of biogenic CaCO3 in core 70KL (maxima shaded in gray) is inversely cor-
related with the contribution of dust in the Arabian Sea; the curve of the
summer insolation difference between 30◦S and 30◦N is a measure of
the intensity of the Indian monsoon (Leuschner and Sirocko, 2003). This
points to the development of Shi’Bat Dihya and Al Sharj Members during
moderate monsoon reinforcement phases.
directions (e.g., see Miall, 1996). Second, the orienta-
tion of the artifacts was not homogenous throughout the
thickness of the archaeological layer, and the measure-
ments are influenced by the relative importance of each
sublevel.
Several arguments suggest that the concentrations of
the conjoined pieces do not correspond to in situ knapping
spots but rather to secondary concentrations originating
from the redistribution of knapping spots.
In particular,
1. the groups of conjoined pieces form thin beds
within the archaeological layer, which are either
localized at the base of the hydraulic ripples or at
the top. This bedding is of fluvial origin.
2. the refitting rates calculated within these groups
are low, between 12 and 24%. Pieces belonging to
other blocks of raw material are also mixed with
these concentrations.
This interpretation can be related to the observations
made by Schick (1986) in one of her experimental cells.
This author has shown that pieces that belonged to the
same initial concentration could be found close to each
other in secondary clusters after a brief transit along the
riverbed. The transport was accompanied by a depletion
of small elements and the reorientation of the artifacts
perpendicular to the direction of flow.
Our results point to the following scheme for the
formation of the site, which consisted of three main
phases:
1. Lithic artifacts were abandoned by the occupants
of the site on a floodplain. The strictly anthro-
pogenic origin of the bones associated with the
lithic artifacts cannot be proven because they were
poorly preserved. However, an anthropogenic ori-
gin is considered to be very likely because no piece
of bone was found in the stratigraphic sequence
outside of the archaeological layers discovered in
the Shi’Bat Dihya Member.
2. Flood flows moved and reorganized the lithics in
the form of current ripples. This transport was ac-
companied by a particle size sorting: the smallest el-
ements were carried farther downstream, whereas
larger elements, which are less mobile, remained
closer to the original site location upstream of the
excavated area. It seems likely that the scarcity of
faunal remains and the absence of large pieces of
bone is a result of hydraulic sorting in addition to
the role played by weathering. Indeed, the bones
have a lower density compared to the lithic materi-
als, whereas their thickness (and their susceptibility
to being carried by a current) is on average higher.
The overrepresentation of dental remains (more
than half of the faunal assemblage), the density and
morphology of which are more similar to those of
the rhyolite artifacts, should also partly reflect the
action of the current. This type of faunal assem-
blage is similar to that described as ‘lag deposit’ by
Voorhies (1969) and Behrensmeyer (1976) in the
context of channels or floodplains.
3. The accretion of the floodplain continued, and the
site was rapidly covered by sand and silt from flood
flows, as suggested by the nearly absence of traces
of pedogenesis and by the homogenous ages ob-
tained over the entire alluvial sequence. The short-
term exposure of the archaeological layer to the ac-
tion of floods likely explains the persistence of a
relic anthropogenic organization, indicated by the
concentrations of conjoined pieces, the local non-
negligible refitting rate, and the almost lack of vis-
ible abrasion of the pieces. From a geological point
of view, the lithic assemblage may be considered
“in place,” that is, subcontemporary to the alluvial
deposits in which it is interstratified. As a conse-
quence, OSL dates obtained from alluvial deposits
provide a good estimation of the age of the human
activity at the site.
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CONCLUSIONS
The site of SD1 (western Yemen) corresponds to a Middle
Paleolithic occupation in the floodplain of Wadi Surdud
at the beginning of MIS 3. This floodplain was subject to
rapid accretion as a consequence of intense remobiliza-
tion of loess deposited on the piedmont and the Great
Escarpment of Yemen. The pedological data indicate rel-
atively dry conditions during the occupation of the site,
which was marked by a high evaporation rate, leading
to the formation of gypsum and calcretes. These condi-
tions indicate the adaptation of the local human groups
to (semi)-desert environments. However, according to
the data derived from marine cores (Clemens and Prell,
2003; Leuschner and Sirocko, 2003), these conditions
do not correspond with the driest phases of the last cli-
matic cycle but rather with periods of enhanced summer
monsoon and relative increase in humidity at a regional
scale.
The results of the taphonomic study conducted on the
SD1 level confirm that even in a floodplain environment
usually considered to be very favorable for site preserva-
tion, the archaeological record can be significantly altered
by geomorphological processes. The degradation, related
to the flooding of the wadi, has implications for the
archaeological interpretation of the occupation level in-
vestigated so far. Indeed, the spatial distribution of the
artifacts at SD1 cannot be considered to be only of an-
thropogenic origin but also reflects the action of flows. A
particle size sorting has also occurred, and the underrep-
resentation of certain categories of artifacts (small-sized
debris and large pieces such as cores) does not result from
human export but rather from hydraulic transport. Hy-
draulic sorting has also affected the distribution and likely
the representativeness of the faunal materials.
As a whole, this case study shows that detailed geoar-
chaeological investigations are necessary in any environ-
ment to appropriately assess the quality of information
provided by the archaeological layer and to identify the
possible biases and distortions in the interpretation of the
assemblages. In fact, the validity of the spatial distribu-
tion analysis of the artifacts to identify the organization
of human activities within an archaeological site is highly
dependent on secondary modifications by geomorpho-
logical processes. Similarly, the interpretation of the eco-
nomic status of a site, partly based on the analysis of the
relative proportions of different categories of lithic prod-
ucts, needs to be validated that no further sorting of the
remains occurred. Even if these two conditions are not
fulfilled as in the case of the SD1 site, the study nonethe-
less indicates that the homogeneity and the “in place”
geological character of the assemblage grant its potential
informative value for the comprehension of the techno-
logical strategies of the Middle Paleolithic people who set-
tled in Wadi Surdud.
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